► Renal cell carcinoma (RCC) is a hypoxia-inducible factor (HIF)/vascular endothelial growth factor (VEGF)-dependent angiogenic and hypervascular tumour. Elevated levels of cardiovascular peptides, including brain natriuretic peptide (BNP), have been reported in patients with cancer, regardless of whether they have overt cardiovascular disease.
On the other hand, it has been demonstrated that hypoxia stimulates BNP production by an HIF-dependent manner.
What does this study add?
► This study shows that higher preoperative serum levels of BNP, N-terminal pro-BNP (NT-proBNP) and VEGF, as well as elevated HIF-2 alpha expression in the primary tumour, were associated with a worse performance status, local invasion, distant metastasis and shorter overall survival. However, BNP expression was very low in RCC tissues and normal kidney tissues, and there was no relationship between serum levels of BNP/ NT-proBNP and serum VEGF or tumour expression of HIF-2 alpha. Moreover, serum levels of BNP and NT-proBNP decreased significantly after tumour resection. These observations suggested that RCC itself might have some influence on such damage, if so, the decrease of serum BNP and NT-proBNP after tumour resection in patients with RCC might be associated with alleviation of stress on the heart.
How might this impact on clinical practice?
► These clinical findings suggested that the preoperative serum levels of BNP and NT-proBNP are related to progression of RCC. Since cancer cachexia is potentially accompanied by cardiac wasting, and BNP and NT-proBNP both decrease after nephrectomy, we should pay attention to the possibility of subclinical functional and structural damage to the myocardium in advanced RCC and provide insight into the cardiac defence mechanisms against the effects of cancer progression. tumour with increased aerobic glycolysis. Clear cell RCC (ccRCC) accounts for approximately 80% of all RCCs and is a hypervascular tumour due to high constitutive production of vascular endothelial growth factor (VEGF) that promotes the growth of specific tumour vasculature. 2 It is well known that von Hippel-Lindau (VHL) acts as a driver gene in ccRCC, 3 with loss of heterozygosity of VHL being found in more than 90% of sporadic ccRCCs. 4 VHL gene dysfunction leads to inhibition of hypoxia-inducible factor (HIF) prolyl hydroxylase. 5 6 As a result, HIF remains unhydroxylated and avoids degradation, thus upregulating the transcription of several genes involved in angiogenesis and cell proliferation, including VEGF and platelet-derived growth factor. VEGF is a potent angiogenic protein with a key role in tumour angiogenesis, 7 which exerts its effects by binding to the VEGF receptor on endothelial cells. 8 Thus, RCC is considered to be an HIF/VEGF-dependent cancer, and its elevated angiogenic potential results in the development of highly vascular tumours. 2 Cancer cachexia is a multifactorial syndrome characterised by the ongoing loss of skeletal muscle mass (with or without loss of fat mass) that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment. [9] [10] [11] [12] [13] [14] The association between cancer cachexia and cardiac wasting is also well characterised. 15 Cardiac cachexia is a complex clinical syndrome, which has a poor prognosis in the terminal stage of chronic heart failure. 16 Natriuretic peptides, such as brain natriuretic peptide (BNP) and amino N-terminal pro-BNP Basic and translational research (NT-proBNP), are regulators of ventricular function that are widely used as diagnostic biomarkers in the treatment of pathophysiological heart conditions and in the management of heart failure. [17] [18] [19] [20] [21] [22] Recently, elevated levels of various cardiovascular peptides, including BNP, have been reported in patients with cancer without any clinical manifestations of cardiac disease. 23 24 We have sometimes encountered elevated serum levels of BNP and/or NT-proBNP in patients with RCC irrespective of whether they have heart disease. However, the clinical association between cardiovascular biomarkers and RCC has not yet been fully assessed. It has been demonstrated that hypoxia stimulates BNP production, which is induced in an HIF-dependent manner. 25 Because RCC is an HIF/VEGF-dependent cancer, 2 it is important to study the serum levels of BNP and NT-proBNP in patients with RCC, as well as serum VEGF and expression of BNP and HIF in the primary tumour. Obtaining such information will help shed more light on the clinical implications of elevated serum levels of cardiovascular hormones in patients with cancer.
MetHOds study population
The serum levels of BNP (normal <18.4 pg/mL) and NT-proBNP (normal <135 pg/mL) were retrospectively investigated in 129 patients (81 men and 48 women) with histopathologically confirmed RCC who underwent nephrectomy at our centre between 2011 and 2015. All patients routinely underwent imaging (CT and/or MRI) for preoperative tumour staging prior to nephrectomy. The following patients were excluded: patients who had received any prior cardiotoxic therapy and patients who had any symptoms of unstable cardiac disease, systemic inflammatory disease or autoimmune disease.
Cardiovascular risk factors were recorded, such as hypertension, arrhythmia, diabetes mellitus and smoking, and medications were documented. The cardiac status was considered to be normal with no requirement for medical assessment or treatment in patients who had no cardiac symptoms or ECG abnormalities, with a BNP level <100 pg/mL and NT-proBNP level <400 pg/mL. 26 Otherwise, echocardiography was performed by a cardiologist to investigate potential cardiac disorders. Significant echocardiographical findings were defined as slightly, moderately or severely reduced LV or RV function, moderate or severe valvular disease, or diastolic dysfunction with a pseudonormal or restrictive filling pattern. Patients were defined as having an abnormal cardiac status if there was a history of heart disease or ECG abnormalities, regardless of the echocardiographical findings, or if significant echocardiographical findings were associated with a BNP level ≥100 pg/mL and/or an NT-proBNP level ≥400 pg/mL. We routinely measured the serum levels of BNP and NT-proBNP 1 week before nephrectomy and 4 weeks after surgery, as well as performing a full blood examination and biochemical tests. VEGF was measured in serum samples obtained from the patients and stored at −80°C until analysis by using an ELISA kit for human VEGF (DVE00, R&D Systems, MN). The tumour grade and clinical stage were determined according to the Fuhrman system and the TNM (tumour, node, metastases) classification, respectively. 27 28 The postoperative follow-up period ranged from 3 to 83 months (median: 31 months).
Western blotting
Western blotting of tissue samples from all of the resected primary tumours was performed as described previously. 29 In order to compensate for variation of BNP and HIF-2 alpha expression, tumour tissue samples and corresponding non-neoplastic tissues from the same patient were compared. Proteins bands were visualised by chemiluminescence. Densitometry was performed with a Power Doppler Imaging (PDI) imaging scanner (Agfa Japan, Tokyo) and data analysis using NIH Image software (ImageJ for Mac OS, V. statistical analysis Statistical analysis was performed using the MannWhitney U test to compare two groups and the KruskalWallis test to compare three or four groups. Spearman's rank correlation coefficient analysis was performed to determine the relations between two groups. Cause-specific survival curves were drawn by the Kaplan-Meier method and differences of survival were examined by using the log-rank test. The impact of several factors on survival was assessed by univariate and multivariate Cox proportional hazards analysis. In all analyses, P<0.05 was considered to indicate significance.
Results

Correlation between serum BnP and nt-proBnP in patients with RCC
The preoperative serum level of BNP showed a positive correlation with that of NT-proBNP (r 2 =0.77, P=0.0001, figure 1A) . Similarly, the postoperative serum levels of BNP and NT-proBNP were correlated (r 2 =0.69, P=0.0001, figure 1B ).
elevation of preoperative serum BnP and nt-proBnP in advanced RCC Elevated preoperative serum levels of BNP and NT-proBNP were associated with a worse Karnofsky performance status (KPS), undifferentiated tumour histology, local invasion and a larger tumour mass (T3/4) and distant metastasis (M1) (table 1). Patients with hypertension, Figure 3 Spearman's rank correlation between preoperative serum levels of BNP/NT-proBNP and expression of HIF-2 alpha and preoperative serum level of VEGF. There was a positive relationship between expression levels of HIF-2 alpha in the primary tumour and preoperative serum levels of VEGF (A). Expressions levels of HIF-2 alpha in the primary tumours did not correlate with preoperative serum levels of BNP (B) and NT-proBNP (C). There were no relationships between preoperative serum levels of VEGF and BNP (D) and NT-proBNP (E). BNP, brain natriuretic peptide; HIF-2, hypoxia-inducible factor 2; NTproBNP, N-terminal pro-BNP; VEGF, vascular endothelial growth factor.
Basic and translational research diabetes mellitus and/or arrhythmia had higher preoperative serum levels of BNP and NT-proBNP (table 1) .
Increased tumour tissue expression of HIF-2 alpha, but not BnP Expression of BNP was very low in the primary tumours and in normal kidney tissues compared with the positive control (normal adrenal gland and liver tissues, figure 2A ). In contrast, HIF-2 alpha was more highly expressed in the tumours than in normal kidney tissues. The level of HIF-2 alpha expression in the primary tumour was associated with a lower KPS, less differentiated histology, local invasion and a metastatic profile, while the level of HIF-2 alpha expression in the primary tumour was not influenced by the existence of hypertension, diabetes mellitus and/or arrhythmia ( figure 2B,  table 1 ).
no relation of serum BnP and nt-proBnP to HIF expression or the serum VeGF level There was a positive correlation between expression of HIF-2 alpha and the preoperative serum VEGF level (r 2 =0.63, P<0.0001, figure 3A) . On the other hand, preoperative serum levels of BNP and NT-proBNP were not related to expression of HIF-2 alpha or to the preoperative serum VEGF level (table 1, figure 3B-E) . Furthermore, elevation of the preoperative VEGF level was associated with a lower KPS, undifferentiated tumour histology, local invasion and a larger tumour mass (T3/4) and distant metastasis (M1) (table 1). 141.1±177, P=0.0018; and VEGF from 173.1±211.9 to 57.3±53.1, P<0.0001, figure 4) . When the rate of decrease of BNP after tumour resection compared with the level before surgery ((preoperative serum level-postoperative serum level)/preoperative serum level) was examined, patients with a lower KPS, less differentiated histology (grade 3/4), higher stage (T3/4) and metastasis (M1) showed a larger rate of decrease (table 2) . Similarly, patients with distant metastasis (M1) showed a larger rate of decrease of NT-proBNP and those with a higher stage (T3/4) tended to have a larger rate of decrease (table 2) .
Relationship between serum BnP or nt-proBnP and survival
The median preoperative serum level of BNP was 34.9, so the patients were divided into two groups at this cut-off value. Kaplan-Meier analysis showed that a higher BNP level was associated with a shorter overall survival time ( figure 5A ). Similarly, a higher NT-proBNP level (median: 178.8) was associated with shorter overall survival (figure 5B). Furthermore, patients with higher median preoperative serum levels of HIF-2 alpha (median: 3.3) and VEGF (median: 73.3) displayed unfavourable overall survival ( figure 5C,D) .
When we divided the patients into two groups by the median postoperative serum level of BNP (median: 16.9), NT-proBNP (median: 91.5) or VEGF (median: 40.3), Kaplan-Meier analysis showed that patients with higher BNP or VEGF levels had worse overall survival than those with lower levels (P=0.009 and P<0.0001, respectively). In addition, patients with higher postoperative NT-proBNP levels tended to show unfavourable overall survival (P=0.0613).
Univariate Cox analysis showed that shorter overall survival was associated with the preoperative serum levels of BNP, NT-proBNP, and VEGF, HIF-2 alpha expression in the primary tumour, histological grade, metastasis, and the postoperative serum levels of BNP, NT-proBNP and 
×100 (%)
BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro-BNP.
Basic and translational research VEGF. However, only histological grade had a significant impact on survival according to multivariate analysis, and metastasis tended to have an influence (table 3) .
dIsCussIOn This retrospective study showed that patients with higher preoperative serum levels of BNP and NT-proBNP had the following clinicopathological characteristics in comparison to patients with lower preoperative serum levels: (1) a lower KPS; (2) less differentiated tumours with more local invasion and metastasis; and (3) a worse prognosis. We also found that the serum BNP and NT-proBNP levels decreased after radical nephrectomy. Furthermore, there was little expression of BNP in either RCC tissues or normal kidney tissues, while HIF-2 alpha was highly expressed in RCC tissues. Moreover, there was a positive correlation between expression of HIF-2 alpha in the primary tumour and the preoperative serum level of VEGF. Higher expression of HIF-2 alpha and an increased serum level of VEGF were significantly associated with a lower KPS, a less differentiated, locally invasive and metastatic tumour profile, and an unfavourable prognosis, with serum VEGF decreasing after tumour resection. However, the preoperative serum levels of BNP and NT-proBNP were not correlated with HIF-2 expression by RCC or with the preoperative serum level of VEGF. These findings suggested that the preoperative serum levels of cardiovascular hormones (such as BNP and NT-proBNP) might be related to progression of RCC and a worse prognosis, but these findings also raise some questions. First, where were BNP and NT-proBNP produced? Second, why were the serum levels of BNP and NT-proBNP increased and was it in response to the existence of RCC?
First, we hypothesised that RCC might produce BNP and NT-proBNP, because the serum levels of these two hormones decreased after nephrectomy. However, we found that BNP expression was actually very low in both RCC and normal kidney tissues compared with positive control tissues (normal adrenal gland and liver). This indicated that BNP and NT-proBNP were not directly or mainly produced by either the tumours or normal kidney tissues, suggesting secretion from other organs such as the heart by a mechanism through which RCC has some effect on the myocardium. Again, this raises the question of how RCC influences the heart to increase production of BNP and NT-proBNP. Next, we considered the effect of increased HIF-2 alpha expression in the primary tumours on the serum levels of BNP and NT-proBNP.
BNP and NT-proBNP are normally secreted by atrial and/or ventricular myocardial cells in response to volume or pressure overload, and production is related to the severity of myocardial dysfunction. [17] [18] [19] [20] [21] It is known that cancers can influence the endocrine system, altering hormone secretion to promote tumour progression and survival. 9 .10 Investigation of 99 consecutive patients with cancer with a BNP level >1000 pg/mL (100 times the upper limit of normal) demonstrated that marked elevation of BNP is more frequently associated with solid tumours than with haematological malignancies, and that more than 70% of the patients with such elevated BNP levels had no signs of volume overload. 23 It was also reported that elevated serum levels of BNP and high-sensitive troponin T were found in patients with cancer without any clinical manifestations of cardiac disease and that the levels of these cardiovascular biomarkers were higher in patients with stage 4 disease compared Figure 5 Overall survival in all cases. This survival curve is based on the median values of each variate in all 129 cases. The cases were divided into two groups at this level-high and low values. P value was analysed by log-rank test. The patients with higher preoperative serum levels of BNP (A), NT-proBNP (B) and VEGF (D), and increased expression of HIF-2 alpha (C) had shorter overall survival. BNP, brain natriuretic peptide; HIF-2, hypoxia-inducible factor 2; NT-proBNP, N-terminal pro-BNP; VEGF, vascular endothelial growth factor. with earlier stages. 24 Thus, elevated levels of cardiovascular biomarkers in patients with cancer have generally been considered to represent a false-positive finding. In contrast, it was recently reported that elevation of serum NT-proBNP is related to volume overload in patients with cancer, 30 so the exact relationship between cancer, NT-proBNP and volume overload or left ventricular dysfunction is unclear.
Association between HIF and BNP/NT-proBNP ccRCC is a typical vascular tumour. A cardinal feature of ccRCC is a very high frequency of VHL inactivation caused by deletion, mutation and/or silencing via methylation of the promoter, leading to increased expression of HIF alpha. 3 31 HIF is an essential component of the cellular response to hypoxia. 32 HIF-1 alpha expression is dependent on both raptor and rictor, and HIF-1 alpha has both proliferative and antiproliferative effects, whereas HIF-2 alpha expression only depends on rictor and it does not possess antiproliferative activity. 33 Therefore, HIF-2 alpha signalling is one of the key molecular steps in tumorigenesis and progression of RCC. In the present study, higher expression of HIF-2 alpha in the primary tumour was associated with local invasion, metastasis and a worse prognosis of RCC, while preoperative serum levels of BNP and NT-proBNP were not related to HIF-2 alpha expression.
HIF-mediated induction of BNP was reported recently. Studies using human hepatoma cells and adult rat cardiomyocytes have revealed that occurrence of hypoxia in large treatment-refractory tumours is a direct and sufficient stimulus for BNP production via stabilisation of HIF alpha. 25 It has also been shown that disease progression is related to a more hypoxic tumour environment, elevated expression of HIF alpha, higher plasma VEGF levels and increased HIF alpha-dependent induction of BNP production. 34 Therefore, increased expression of HIF-2 alpha in RCC may stimulate BNP production. However, we found very low expression of BNP in both RCC tissues and normal kidney tissues in the present study. Therefore, further investigation is needed to elucidate why BNP and NT-proBNP levels are elevated and where these hormones are produced. In addition to its beneficial cardiac effects, BNP can act as an autocrine factor with antiproliferative, antifibrotic and direct cytoprotective effects. 35 36 Thus, HIF-mediated induction of BNP production might be part of the local defence mechanism of the myocardium against hypoxic damage, although it is unclear how hypoxic upregulation of HIF-2 alpha in the tumour microenvironment influences the myocardium distant from the kidney.
Cancer-related cardiac wasting
It is well known that there is an association between advanced cancer and cachexia, which is potentially accompanied by cardiac wasting. 13 14 The possible interaction between cachexia and heart failure in patients with cancer has recently attracted considerable attention. 37 Cachexia is a multifactorial syndrome, in which weight loss is characterised by ongoing loss of skeletal muscle mass and progressive functional impairment. 9 It has been postulated that cardiac dysfunction/atrophy parallels skeletal muscle atrophy in patients with cancer with cachexia. Heart failure may be a consequence of either progressive cachexia or cancer-induced/cancer-related cardiotoxic factors. Conversely, severe heart failure can result in cachexia, especially muscle wasting. Therefore, the onset of heart failure and cardiac cachexia could exacerbate cancer-induced cachexia. If elevation of the serum levels of BNP and NT-proBNP is postulated to suggest the presence of subclinical functional and morphological myocardial damage, it is likely that RCC itself might have some influence on such damage. If so, the decrease of serum BNP and NT-proBNP after tumour resection in patients with RCC might be associated with alleviation of stress on the heart. Since BNP and NT-proBNP both decreased after nephrectomy, it seems that upregulation of these hormones may be associated with cardiac defence mechanisms against the effects of cancer progression.
It was reported that some human small cell lung cancer cell lines had detectable BNP mRNA and BNP immunoreactivity. 38 In contrast, in the preset study, expression of BNP using western blotting was very low in human RCC and normal kidney tissues. Similarly, it has been shown that any significant BNP production at a protein level was not detectable in human RCC cell lines. 34 It therefore remains to be unanswered at this time whether human cancers produce BNP. Recent evidence suggests that cardiovascular paracrine mechanisms, such as the renin-angiotensin system (RAS), existing at local tissue sites have been implicated in tumorigenesis. 39 40 Components of the RAS are expressed in several adult organs including the liver, kidney, pancreas, brain and reproductive organs, and local RAS may influence tissue angiogenesis, cellular proliferation, apoptosis and inflammation, and antagonism of the RAS mostly suppresses tumour growth, metastasis and angiogenesis in a broad range of experimental models of malignancy. 39 RAS is fundamental in the overall regulation of cardiovascular homeostasis through the actions of important hormones, which regulate vascular tone, and specifically blood pressure through vasoconstriction and renal sodium and water retention. 41 BNP and atrial natriuretic peptide (ANP) represent the most important endogenous RAS suppressing property by conferring cardiac, renal and vascular protection. 41 Given an endogenous counter-regulatory constraint on the activity of the RAS and natriuretic peptides, such as BNP and ANP, therefore, we should study the expression of the RAS components in human RCCs in the forthcoming study in order to elucidate the roles of BNP/ANP and the RAS in this disease.
limitations
The limitations of the present study included its retrospective design, a relatively small number of patients and a follow-up period that was too short to allow definite conclusions to be drawn. The present study did not address the molecular mechanisms by which HIF-2 alpha produced in the tumour microenvironment or by which VEGF acts on the myocardium to influence the serum levels of BNP and NT-proBNP. Without such information, we cannot determine the clinical meaning of elevated BNP and NT-proBNP levels in patients with RCC. Accordingly, further investigation is needed to determine where and how BNP and NT-proBNP are produced in response to RCC, increased tumour expression of HIF-2 alpha or elevation of serum VEGF. The results of such studies will be able to shed more light on the clinical meaning of elevated BNP and NT-proBNP levels in human cancer.
COnClusIOn
In conclusion, we found that the preoperative serum levels of BNP and NT-proBNP were not related to the expression of HIF-2 alpha in the primary tumour or the serum level of VEGF; both of these hormones might be clinically related to progression of RCC and a worse prognosis and showed a significant decrease after tumour resection, indicating that we should pay attention to the possibility of subclinical functional and structural damage to the myocardium in advanced RCC and provide insight into the cardiac defence mechanisms against the effects of cancer progression.
